Abstract Many in-vitro experiments performed to study the response of thiol-containing proteins to changes in environmental redox potentials use dithiothreitol (DTT) to maintain a preset redox environment throughout the experiments. However, the gradual oxidation of DTT during the course of the experiments, and the interaction between DTT and other components in the system, can significantly alter the initial redox potential and complicate data interpretation. Having an internal reporter of the actual redox potential of the assayed sample facilitates direct correlation of biochemical findings with experimental redox status. Reversedphase high-performance liquid chromatography (RP-HPLC) is a widely used, well-established tool for analysis and purification of biomolecules, including proteins and peptides. Here, we describe a simple, robust, and quantitative RP-HPLC method we developed and tested for determination of the experimental redox potential of an in-vitro sample at the time of the experiment. It exploits the specific UV-absorbance of the oxidized intrinsic DTT in the samples and retains the high resolving power and high sensitivity of RP-HPLC with UV detection.
Introduction
Many essential biochemical processes involve proteins that undergo thiol-disulfide interchange reactions Recent reviews have summarized the extensively studied involvement of redox regulation in protein folding [1] [2] [3] [4] and the rapid advances in redox systems biology that reveal the importance of cellular redox state in maintaining physiologic function [5] . However, direct measurement of established redox potentials by use of electrochemical methods has proven difficult because of interactions of the thiols with most electrode surfaces. Consequently, estimation of standard redox potentials of the sulfhydryl groups of biologically important thiols in the cell have relied on methods involving reversible thiol-disulfide exchange equilibria [6] . Since its first description by Cleland, dithiothreitol (DTT) has become the reagent of choice for reducing disulfides in biochemical research, mainly because of its solubility in water and highly negative redox potential that drives the two step thiol-disulfide exchange reaction to completion [7] . However, DTT is unstable in its reduced form over extended periods of time, and its oxidation can be further catalyzed by metal ions [8] . Because, using DTT, it is difficult to conduct in-vitro experiments under predetermined redox potentials, the total initial DTT concentration [DTT 0 ] is typically reported and the experiment is assumed to maintain a constant redox potential under anaerobic conditions in the presence of a chelating agent, for example EDTA. However, for experiments that require monitoring of a variety of metal ion and/or protein thiol concentrations over an extended period, the developed redox potential can change significantly from the predetermined value. Hence, it is of great scientific interest to have a simple, sensitive, and quantitative method that relies on intrinsic data from the assayed sample to monitor experimental redox potential.
RP-HPLC is a widely used, well-established tool for analysis and purification of biomolecules, including proteins and peptides. It is extremely widely used in protein biochemistry because of its ability to separate polypeptides of nearly identical sequences and its sensitivity to protein conformation. Recently, it has regained attention for its coupled use with mass spectroscopy in the separation and analysis of peptide fragments from enzymatic digests, including from protein therapeutic products; this has resulted in hundreds of patents and applications per year within the last decade [9] . Today most polypeptide separations are performed on largepore-size (200 Å) columns with a linear aliphatic hydrocarbon group forming the hydrophobic phase (C 4 , C 8 , or C 18 ). C 18 columns are usually preferred for peptides and small proteins or protein domains less than approximately 5,000 Daltons, as is typical in the applications mentioned above. Here, we describe an RP-HPLC-based method, using UVabsorbance data at 280 nm from oxidized DTT (DTT ox ) within an assayed protein sample analyzed on an analytical Agilent Zorbax large-pore C 18 column, for determination of experimental redox potential. We demonstrate that, in addition to being both sensitive and quantitative, this simple method can be directly incorporated into fully automated data collection, processing, and analysis because it does not require any additional sample preparation or monitoring.
Oxidation-reduction reactions involving proteins with vicinal thiols that form disulfide bonds are two-electrontransfer reactions. The redox potential (E h ) of such a system is calculated by use of the Nernst equation,
2 )] [10] . In this expression, E 0 is the standard potential for the redox couple at the defined pH, R=8.314 J mol −1 K −1 , T is the absolute temperature, F= 95484.6 J V −1 mol −1 , and n is the number of electrons transferred. For the in-vitro system described below involving thiol exchange between DTT and protein at 20°C, the Nernst equation simplifies to:
where The reverse-phase HPLC (RP-HPLC)-based procedure described here was developed for studies involving the reduction of a homologous set of small, protein modules called Lin12/Notch Repeats that contain three sets of unique disulfide bonds and coordinate a Ca 2+ ion [11] . The objective was to find a direct and sensitive reporter of the actual redox potential at different times throughout the experiment to confirm the experiment was performed at a constant redox potential or to quantify the magnitude of any change from the starting conditions. The developed method was then tested for three separate applications in which the experimental variables were chosen to represent some of the most common biochemical studies involving in-vitro protein reduction. Because the method is based solely on the UV-absorbance of the oxidized DTT in the sample and no other sample component, it can easily be extended to a wide range of chromatographic assays involving a DTTcontaining sample monitored via UV absorbance between 260 and 320 nm.
Experimental
Reagents and samples HPLC mobile phases used HPLC-grade acetonitrile (EMD Chemicals), water purified using a Milli-Q water system (Millipore, USA), and trifluoroacetic acid (TFA) (Acros Organics 
where x i and x average are the calculated redox potential for any given experiment and the average potential for the compared experiments, respectively. To determine whether there was any significant difference between two sets of triplicate experiments, an unpaired t-test was performed at a confidence level of 95 % (t table = 2.776) by use of the equation:
where t calc ≤ t table indicates the difference is not statistically significant whereas t calc ≥ t table indicates the difference is statistically significant.
Results and discussion

Method development
Because of its ring structure, DTT ox , absorbs strongly in the UV region, with a maximum at approximately 283 nm, whereas DTT red , has significant absorbance only below 260 nm (Fig. 1, inset 1 ) [7] . By limiting the UV-detection window to the 260-320 nm range during data acquisition, an HPLC chromatogram that selects only for the DTT ox peak can be obtained. For automated peak identification and integration, it was critical that the mobile and stationary phases of the chromatographic system, and the method of elution, yielded well-resolved, non-overlapping protein and DTT ox peaks. We tested a variety of mobile phases and methods of elution and determined that DTT ox always eluted after approximately 10 min in our system, indicating that retention of the DTT species was independent of the chosen mobile phase or the specific method of elution (Electronic Supplementary   Material, Fig. S1 ). This finding ensured that an optimized elution method in which the DTT ox always eluted before the proteins and did not overlap with any other sample could be developed, extending the applicability of the method. For the reduction experiments that motivated this study, the final method of elution was chosen on the basis of its efficacy in separating the reduced hN1LNRA from its oxidized form in the sample soon after elution of the DTT ox peak used as the redox reporter. It consisted of an initial 3-min wash in mobile phase A then a 2-min steep linear gradient from 0-19 % mobile phase B followed by a 15-min slow linear gradient from 19-22 % mobile phase B at a flow rate of 1 mL min −1 . resulted in a significant change in the established redox potential across equivalent experiments quenched at different times, we first calculated the redox potential as described above (Table 1) . We then used these calculated values to determine the percentage difference between pairs of experiments using average redox potentials from triplicate experiments and to perform an unpaired t-test on triplicate experiments (Table 2) . Although the small sample sizes used for the calculations precluded thorough statistical analysis, the results clearly showed a significant change in the established redox potential within the first 15 min of the experiment, despite anaerobic conditions. Even though the redox [DTT ox ] is emphasized in the inset and is accompanied by a decrease in the oxidized hN1LNRA and an increase in its reduced form. The star indicates a non-thiol-containing species, not affected by DTT. IA 280 for DTT ox from these chromatograms were used to calculate redox potentials in Tables 1-4 potential continued to increase steadily throughout the duration of the experiment (3 h), the increase was much more gradual after the initial increase, resulting in a significant change only over a period of 2.5 h or longer.
When the same experiments were repeated under aerobic (bench-top) conditions, the calculated percentage difference in the established redox potentials demonstrated that despite the big difference in the established starting redox potentials between the aerobic and anaerobic conditions, the rate of increase was similar over the course of the experiment (Table 3 ). This finding brings into question the requirement for conducting similar experiments under anaerobic conditions. In relatively short experiments, at least, it might be possible to eliminate the need for special equipment to ensure a steady redox status as long as the initial difference is compensated for, perhaps by starting with a higher [DTT 0 ] and monitoring and recording the actual redox potential as part of data collection.
Many in-vitro biochemical assays include metal ions, because of their structural or functional importance to the protein under investigation. It has been shown that DTT is a very efficient chelating agent for a wide range of biologically relevant metal ions [12] . Although specific organic compounds, for example quinones, are known to oxidize DTT very effectively, the extent of DTT oxidation because of the presence of transition metals and chelating agents is less well established. A recent study investigating the effect of soluble transition metals in fine particulate matter on its oxidative potential, which has been linked to adverse health effects, showed that many of the tested transition metals did oxidize DTT to different extents [13] . Therefore, we also tested our method in a series of reduction experiments that contained different metal ions commonly used in biochemical studies and ethylenediaminetetraacetic acid (EDTA) under anaerobic conditions. Our results clearly show that some metals, for example Ni 2+ and Co 2+ , oxidize DTT to a much greater extent than others, for example Ca 2+ , Mg 2+ , and Tb 2+ , and that EDTA can further decrease the amount of oxidized DTT in the blank buffer, probably because it chelates trace levels of metals that may exist in the buffer (Table 4) . We believe that the significance of this effect is extremely context-dependent, i.e., a 3-5 % increase in the actual redox potential seen for Ni 2+ and Co 2+ in our test experiment might be negligible for some experimental designs, but might be very significant for others. Hence, the ability to quantify this effect is very valuable. 
